In order to determine trace impurities in the nuclear grade UF 4 , an analysis method based on the standard addition and 103 Rh internal standardization techniques combined with ICP-MS has been established. The examination tests, including comparison with the quantity of trace impurities assigned in a certified reference uranium oxide and determination of the standard addition recovery, were performed to validate the accuracy and precision of the method. Total 42 trace impurity elements from Li to Bi were determined, with the method detection limit for the 42 impurities were found in the range of 0.0004-0.072 μg g −1 . The recoveries were varied from 92% to 111%, and the relative deviations for most of the impurity elements were less than 10%. The method has been verified to meet the requirements of quality control for the UF 4 and will be used in the molten salt reactor.
Introduction
Molten salt reactors (MSRs), as a unique liquid reactor in advanced Generation IV reactor systems, have received much attention from international nuclear communities [1] . Due to an important role in MSRs design, fuel preparation and spent fuel reprocessing, radioanalytical chemistry for the nuclear materials in a form of fluorides is going to be a new hotspot. Benefiting from the remarkable development of various analysis instruments, the ability to perform chemical analysis has become more and more powerful. Typically trace impurities are determined using inductively coupled plasma-optical emission spectroscopy (ICP-OES), or mass spectrometry (ICP-MS) [2] . ICP-OES technique has a number of advantages and has been utilized widely for the measurement of trace impurities in various nuclear materials. Because uranium has complex spectral interferences, chemical separation of the impurities from the matrix is required frequently [2] [3] [4] [5] [6] . However, chemical separation is not only complicated and time-consuming, but also possibly brings about a series of issues, such as introduction of exotic substance, loss of inherent impurities and so on. In these cases, the number of species for analyzed impurities is limited to some extent. While ICP-MS technique has some specific advantages of even higher sensitivity and resolution, so more trace impurities in nuclear materials can be determined simultaneously [7] [8] [9] [10] [11] . If special techniques are used, chemical separation of impurities from the matrix maybe no longer necessary [7, 8] .
Generally, the method of matrix-matched external calibrations coupled with measurement by ICP-MS is ideal and practical [11] , and has been employed widely for the impurity analysis in nuclear materials [7, 8] . To perform this analysis method, however, one must use the ultra pure materials to serve as the matrix. Unfortunately, a majority of the analysis investigation performed so far has been aimed at a variety of uranium oxides, and few reports exist on the determination of impurities in uranium fluorides [12, 13] . Particularly, there are no ultra pure materials nor reference materials of uranium fluoride available in the domestic market. For the analysis of nuclear materials existing in fluoride 1 3 forms, it is urgent to develop a novel method, different from the matrix-matched method.
Shanghai Institute of Applied Physics, Chinese Academy of Sciences (SINAP) has been engaged in thorium molten salt reactor (TMSR) Nuclear Energy System project supported by Chinese Academy of Sciences since 2011 [14] . According to requirement of the project, the chemical analysis group in SINAP has done a great effort to determine the trace impurities in UF 4 , ThF 4 and evaluation of pyrochemical separation in fluoride system. Due to lack of ultra purity matrix materials, instead of the matrix-match method, the standard addition technique has been used to analysis the trace impurities in nuclear materials with fluoride system. In this work, 42 trace impurities in UF 4 were determined by the standard addition and 103 Rh internal standardization techniques, followed by measurement with ICP-MS. The purpose of this work is to validate the accuracy and precision of the novel technique and to confirm its practical application in the project.
Experimental materials and methods
Reagents and materials U 3 O 8 certified reference material (GBW04243) used for the validation of the method was obtained from Beijing Research Institute of Chemical Engineering and Metallurgy (Beijing, China). The nuclear grade UF 4 was supplied by North Nuclear Fuel Co., Ltd. Three mixed multi-element standard solutions, including 59 different elements in total, and Rh standard solution were purchased from AccuStandard Inc. (New Haven, USA). Tuning solution of multielement standard (including Li, Be, Mg, Fe, In, Ce, U and Pb) for mass calibration of ICP-MS was purchased from PerkinElmer (USA). 2% HNO 3 solution was made by dilution of concentrated HNO 3 (Ultrapure, Suzhou Crystal Clear Chemical Co., Limited, Suzhou China) with ultrapure water (> 18.2 MΩ.cm) prepared by using a Milli-Q system. Working solutions of the multi-element standard with different concentration were prepared by appropriate dilution of the mixed standard solutions with 2% HNO 3 solution. The 2% HNO 3 also was used as a diluent solution or directly as a rinse solution for ICP-MS.
Equipment
Inductively coupled plasma mass spectrometer (ICP-MS, NexION 300D, PerkinElmer, USA). Microwave oven for sample dissolution (MARS 6, CEM, USA). Ultrapure water with boron removal resin column (Millipore, Bedford, MA, USA). Digestion instrument (BHW-09C, Shanghai botonyc, China). Pre-cleaned Teflon digestion vessels for microwave-assisted sample dissolution. Analytical balance (Sensitivity 0.0001 g, ME204E, METTLER TOLEDO).
Dissolution of analyzed materials
To validate the method for accuracy and precision, and to characterize the sensitivity and linearity of the established analysis method, a number of examination tests were carried out experimentally. Nuclear grade UF 4 with weight of 0.1000 ± 0.0002 g was placed into Teflon digestion vessels. A 10 mL aliquot of concentrated HNO 3 was added slowly to the vessels. Microwave digestion was carried out at 180 °C for 30 min to fully dissolve of the UF 4 samples, and the solution presented a very clear yellow color, with no refractory particles observed. After cooling, the digestion vessels were heated on a hot plate at 125 °C to expel the extra acid until the residual solution was about 1.0 mL. The solution was then quantitatively transferred to a 50 mL PFA volumetric flask, diluted to volume with ultrapure water and mixed well to obtain solution A. The master solution with UF 4 concentration of 2 mg/mL. A similar procedure was used for the dissolution of the U 3 O 8 reference materials. The materials dissolution of sample preparation was performed in class 100 platform, and the measurement with ICP-MS was performed in class 1000 clean room. Except the UF 4 samples, the method blank solution was prepared with all of the reagents in the same volumes as used in the processing of the samples, and carried through the complete procedure and contain the same acid concentration in the final solution as the master solution of method blank.
Standard addition
Quantification analysis of standard addition techniques is based on the enhancement of signals occurred after addition of standard solutions of analytes into the sample. Thus, a series of analyte solutions with different concentration is required with the same matrix concentration of UF 4 . More detailed description on standard addition method and its graphical illustration is given in Ref. [11] . Briefly, the analytical experiment calls for three kinds of solutions to be mixed in varying proportions: the master solution of UF 4 , the working solutions of the multielement standard, and the 2% ultrapure HNO 3 solution used as diluent. A total of five measurement solutions with same matrix concentration of UF 4 were prepared (there was no working solution in the first solution). The measurement solution introduced to ICP-MS was ~ 1 mg/mL for UF 4 . In addition, the method blank standard solutions were prepared by mixture of the master solution for method blank, the working solutions of the multi-element standard and the 2% HNO 3 solution like the UF 4 samples. In the preparation of all measurement solutions, volumetric techniques were employed for all addition and dilution, and all instruments and volumes of containers involved were calibrated beforehand by Shanghai Institute Measurement and Testing Technology.
Sample measurement
Tuning solution was used to adjust ICP-MS to an optimized condition and the working parameters of the instrument are listed in Table 1 . Before measurement, the ICP-MS sampling system was washed for at least 30 min with 2% HNO 3 solution to decrease the analysis background. Particularly more attention was paid to the background of boron element. After the ICP-MS stabilized and the level of blank solution decreased to a low value, the prepared samples were introduced to the ICP-MS and analyzed. 103 Rh standard solution, as an internal standard, was used to compensate for long-term signal drift resulted from matrix components slowly blocking the sampler and skimmer cone orifices. The sample measurement of standard addition method followed the sequence: blank, sample 1 to sample 5 in turn, then blank again to finish. This procedure was repeated for each analysis group.
In the measurement with ICP-MS, the interferences are originated mainly from metal oxides, isobars, and multiatom's ions. Considering these factors, the high abundance isotopes without isobaric interferences were a preferable choice. The isotopes having serious interferences from oxides calls for specific correction. In this work, almost all the analysis elements were corrected by standard (STD) mode, recommended by PerkinElmer Cop., except for Ni and Cu, for which the correction was made by kinetic energy discrimination (KED) mode [15] . The detailed information on the nuclides monitored, abundance, possible interferences and measurement mode is given in Table 2 .
Data processing and analysis
The processing of data from standard addition analysis was conducted by consulting the method described in Refs. [11, 16] . According to the formulation developed by these authors, analysis variables could be represented in a linear form. The concentration of the analytes could be calculated according to the intercept and slope of the straight line. The background from measurements of blank solution should be subtracted from the sample beforehand. To validate application of the method for trace impurity analysis in UF 4 , a series of tests were carried out. The data processing involved will be given in the relevant text.
Results and discussion

Dissolution of UF 4 samples
In order to dissolve UF 4 completely, a number of procedures were investigated in detail. The uranium solution resulted from microwave digestion,followed by heating on a hot plate presented a very clear yellow color, with no refractory particles observed. The average dissolution of UF 4 , determined by ICP-OES (Optima 8000, PerkinElmer, USA) was 100.1% ± 0.4% (n = 4). The control of heating condition on hot plate was conducive to avoid the loss of boron element from analyzed samples. Moreover, analysis data on the impurities of rare earth elements did not exhibit any unnormal results related with a formation of fluoride precipitate. It can be seen that the microwave digestion, followed by heating on a hot plate could ensure the full dissolution of UF 4 and impurities in HNO 3 .
Validation of analysis method
Examination for accuracy
Because certified reference materials of UF 4 are not available, as a compromise, a certified uranium oxide reference materials GBW04243 (U 3 O 8 ) was used to examine accuracy of the analysis method [17] . Analysis for selective trace impurities in the reference materials of U 3 O 8 was performed in the same manner as mentioned for UF 4 . The determined data of impurity contents x i with standard deviation are listed in Table 3 . For a quantitative comparison of experimental results with the assigned values from the reference materials, a proficiency test based on statistical method was conducted [18] .
The z score for a proficiency test result x i was calculated as: where x pt is the certified value, and σ pt is the standard deviation for proficiency assessment. The calculated results are given in Table 3 . According to the conventional interpretation of z scores, a result that gives |z| ≤ 2.0 is considered to be acceptable [18] . As shown in Table 3 , z score for all impurities are far less than 2.0, indicating a nice agreement between the experimental data and the assigned values from the reference materials. As a matter of fact, the small z score was related in part, to a rather large deviation of the assigned value for the certified reference materials. As opposed to this, relatively small deviation of experimental measurements obtained in this work further validated the standard addition and 103 Rh internal standardization techniques in the accuracy.
Examination for recovery and precision
In order to validate the analysis method, the examination for standard addition recovery and precision was carried out. Six UF 4 parallel samples taken from the identical batch materials were treated. In order to investigate the effect of impurity concentration on the recovery of this method, the standard addition concentrations for Li, B, Sc, Ni, Cu, Zr and Ce elements was 1.0 μg g −1 and 10 μg g −1 , for each, due to their higher contents in nuclear grade UF 4 , and for the other 35 elemental species, the standard addition concentrations of 0.1 μg g −1 and 1.0 μg g −1 were utilized, due to their lower contents in UF 4 . The six samples were analyzed in parallel by the same method mentioned above. The average values for measurements of six samples, standard addition recoveries, and their deviations resulting from two different addition amount of 42 impurity elements, are listed in Table 4 . As seen from the table, the relative deviations for most of the elemental impurities are less than 10%. Satisfactory standard addition recoveries and rather low deviations demonstrated a good accuracy and repeatability. The test provides evidence, for validation of the analysis method both in accuracy and precision.
Characterization of analysis method
Method detection limit (MDL) and method quantification limit (MQL)
Sensitivity is one of the significant characteristics of an analysis method, and it can be represented by the method detection limit. To obtain the method detection limit, the method blanks were analyzed by employing the established analysis method. According to the approach given in Ref. [19] , the method detection limits were calculated by three times of standard deviation of the method blank solutions (n = 11) under dilution factor of 1000, meanwhile, the method quantification limits were calculated by ten times of standard deviation of the method blank solutions (n = 11), and the calculated results are listed in Table 5 . Very low values of the method detection limit were obtained. Method detection limit was even as low as 10 −10 -10 −9 for some of rare earth elements with very high cross sections of the neutron capture, indicating important application of the method in ultratrace impurity analysis in the nuclear grade materials.
Linear dynamic range
Knowing the concentration range of impurities adaptable for sample analysis is significant for design of analysis protocol. As shown in the measurement with ICP-MS, the working curves for various analytes in analysis solutions prepared for the standard addition techniques exhibited the forms of a good straight line. Take B and Ce as example in Fig. 1 , the correlative coefficients acquired were better than 0.999, showing a rather large linear dynamic range within impurity concentration of 0-20 μg g −1 .
From the characterization of analysis method proposed in this work, it can be seen that the method could provide a preferable approach to determination of trace impurity in UF 4 . This method has a rather high sensitivity and acceptable linear dynamic range, although it is more time-consuming if many elements have to be determined.
Conclusion
Multi-element impurity analysis in nuclear materials, as a routine basis task, has an indispensable role in development of nuclear power. In this work, a novel protocol, based on the standard addition and 103 Rh internal standardization techniques, followed by measurement with ICP-MS has been established. The measures employed in this protocol The method detection limit and linear dynamic range were characterized, with the minimum detectable quantity of some neutron poison of rare earth elements being as low as 10 −10 -10 −9 . The method established in this wok has been utilized for routine analysis of UF 4 from TMSR project in SINAP. 
